This study focused on kinetic modeling of a specific type of multistep heterogeneous reaction comprising exothermic and endothermic reaction steps, as exemplified by the practical kinetic analysis of the experimental kinetic curves for the thermal decomposition of molten ammonium dinitramide (ADN). It is known that the thermal decomposition of ADN occurs as a consecutive two step mass-loss process comprising the decomposition of ADN and subsequent evaporation/decomposition of in situ generated ammonium nitrate. These reaction steps provide exothermic and endothermic contributions, respectively, to the overall thermal effect. The overall reaction process was deconvoluted into two reaction steps using simultaneously recorded thermogravimetry and differential scanning calorimetry (TG-DSC) curves by considering the different physical meanings of the kinetic data derived from TG and DSC by P value analysis. The kinetic data thus separated into exothermic and endothermic reaction steps were kinetically characterized using kinetic computation methods including isoconversional method, combined kinetic analysis, and master plot method. The overall kinetic behavior was reproduced as the sum of the kinetic equations for each reaction step considering the contributions to the rate data derived from TG and DSC. During reproduction of the kinetic behavior, the kinetic parameters and contributions of each reaction step were optimized using kinetic deconvolution analysis. As a result, the thermal decomposition of ADN was successfully modeled as partially overlapping exothermic and endothermic reaction steps. The logic of the kinetic modeling was critically examined, and the practical usefulness of phenomenological modeling for the thermal decomposition of ADN was illustrated to demonstrate the validity of the methodology and its applicability to similar complex reaction processes.
Introduction
Kinetic analysis of heterogeneous reaction processes using various thermoanalytical techniques is widely applied in different fields with diverse purposes. The methodology for kinetic analysis has been developed largely based on the assumption of single step reactions. 1, 2 However, the kinetic behaviors of actual heterogeneous reaction processes that occur in the solid state or in viscous liquids and are accompanied by interactions with gases are not so simple, being largely influenced by various physico-chemical and physico-geometrical phenomena. Thermal decomposition of solids (A(s) -B(s) + C(g)) is a typical example that exhibit complex overall kinetic behavior. [3] [4] [5] [6] [7] When more than one heterogeneous reaction takes place simultaneously, the kinetic interpretation of the overall heterogeneous process and of each component reaction step by analyzing experimental kinetic data resolved using thermoanalytical techniques is a challenging task.
Rigorous and effective solutions for determining the kinetic features of such multistep and heterogeneous reactions are required in many fields, including materials development, product management, and safety assessment. The applicability of kinetic calculation methods available to the thermoanalytical data of multistep reactions has been examined through trial kinetic analyses of mathematically simulated kinetic data. [8] [9] [10] [11] [12] Several sophisticated mathematical software packages have been a Semenov Institute of Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str., 119991, Moscow, Russia. E-mail: n.v.muravyev@ya.ru; Fax: +74991378203; Tel: +74991378203 b Chemistry Laboratory, Department of Science Education, Graduate School of Education, Hiroshima University, 1-1-1 Kagamiyama, Higashi-Hiroshima, 739-8524, Japan † Electronic supplementary information (ESI) available: The ESI includes characterization of ADN powder; experimental TG-DSC curves used for kinetic calculation; discussion on the interpretation of the zero-order reaction model; results of the simplified kinetic modeling using fixed reaction types of F2.5 and F0; graphical representation of the kinetic compensation effect for the thermal decomposition of AN. See DOI: 10.1039/c6cp08218a developed for the formal kinetic description of multistep processes. 13 Furthermore, a great deal of experimental effort has recently been focused on finding rigorous kinetic solutions based on the physico-chemistry and physico-geometry of heterogeneous multistep processes. 7, [14] [15] [16] [17] [18] [19] Considering the thermoanalytical approaches to heterogeneous multistep reactions, further complications are introduced when the overall reaction comprises partially overlapping processes with oppositely signed thermoanalytical signals, e.g., mass loss and mass gain [20] [21] [22] or exothermic and endothermic events. 23 When two overlapping mass-loss processes indicate endothermic and exothermic effects, respectively, the apparent kinetic data recorded using differential scanning calorimetry (DSC) are different from those recorded with thermogravimetry (TG), as has been shown for isopropylammonium nitrate decomposition. 24 This type of process with superimposed oppositely signed thermal effects has also been observed during kerogen pyrolysis. 25 Sophisticated kinetic deconvolution technique has been applied to this type of solidstate reaction, as reported for the thermal decompositions of sodium percarbonate 23 and tin(II) oxyhydroxide. 22 Through kinetic deconvolution analysis, the kinetic parameters for constituent reaction steps with opposite thermoanalytical signals have been linked with the physico-chemical and physico-geometrical features of the transformations.
The thermal decomposition of ammonium dinitramide (ADN), a promising green oxidizer for propellant formulations, is one such multistep processes composed of exothermic and endothermic reaction steps. On heating linearly, first the sample melts at 366 K, and the molten ADN decomposes by evolving a range of gases including NO 2 , N 2 O, NO, N 2 , H 2 O, and NH 3 via complex multistep chemical processes with consecutive, concurrent, and competitive reaction schemes. [26] [27] [28] [29] From the viewpoint of the overall thermal effect revealed using DSC, the reaction starts as an exothermic reaction due to the overall decomposition of the molten ADN and becomes an endothermic evaporation/decomposition of the in situ-produced ammonium nitrate (AN), 26, [30] [31] [32] as illustrated schematically in Fig. 1 . The mass-loss behavior revealed using TG is also characterized as a partially overlapping two-step reaction, resulting from gaseous evolution by the decomposition of the molten ADN and the subsequent evaporation/decomposition of AN. It is also reported in the literature 30 that the experimentally resolved shapes of TG and DSC curves change significantly with the reaction conditions applied. In addition, it has been reported that a nearly constant exothermic value for the total thermal effect of the reaction is observed under environmental pressures lower than 5 MPa, 31, 33 but the value increases under higher pressures. 31 These changes in the shapes of the TG and DSC curves and the total thermal effect are probably caused by variations in the contributions of the exothermic and endothermic reaction steps and their differing degrees of overlap depending on the reaction conditions. Therefore, a phenomenological kinetic modeling of the thermal decomposition of ADN based on the assumption that it is a partially overlapping two-step reaction comprising initial exothermic and subsequent endothermic reaction steps may be practically valuable for understanding its thermodynamic and kinetic features.
This study focuses on the establishment of a methodology for kinetic modeling by deconvolution of an overall reaction into exothermic and endothermic reaction steps using simultaneously recorded TG and DSC curves. A deconvolution method using experimental TG and DSC curves is proposed based on the procedure previously reported by Schmid et al. 24 The separated kinetic curves of the exothermic and endothermic reaction steps are analyzed as single-step reactions. The results of the kinetic analysis, including the contributions of each reaction step to the overall reaction, are refined by assuming that the kinetic data for the overall reaction process is the sum of the two reaction steps weighed by the contributions of each reaction step. The logics of the proposed kinetic approach and the meaning of the results are critically examined to validate the phenomenological kinetics of the thermal decomposition of ADN. Furthermore, strategies for further detailed phenomenological kinetic characterization and also the physico-chemical kinetic interpretation of other systems are discussed by reviewing the results of the practical kinetic analysis of the experimental TG-DSC curves for the thermal decomposition of ADN.
Theoretical
For a single-step reaction in a heterogeneous process, the normalized overall reaction rate (da/dt) is expressed as a function of temperature T and fractional conversion a: 1,2,36
where A and E a are the apparent values of Arrhenius preexponential factor and activation energy, respectively, and f (a) is the kinetic model function, which describes physico-chemical and physicogeometrical reaction mechanism. By extending this relationship to a partially overlapping multistep reaction process, the overall reaction rate (da/dt) is expressed by the weighed sum of the normalized reaction rates of the component reaction steps by considering the contribution w of each reaction step i: 14,37
where n is the total number of component reaction steps. Fig. 1 Schematic illustration of the reaction pathways for the thermal decomposition of ADN. 26, 27, 30, 34, 35 When applying the general rate expression of eqn (2) to experimentally resolved kinetic behavior using thermal analysis, care must be taken because the value of the overall reaction rate depends on physical quantities measured using different thermoanalytical techniques. A simple example is seen for a partially overlapping two-step process composed of successive mass-loss steps accompanied by exothermic and endothermic effects. The ratios between the mass-loss values of Dm 1 and Dm 2 and between the thermal effects Q 1 and Q 2 during the first and second reaction steps are different. Therefore, two different equations are derived from eqn (2) when analyzing the kinetics on the basis of derivative TG (DTG) and DSC curves: 9 da dt
where Z and g are the contributions of the first reaction step determined on the basis of DTG and DSC curves, respectively: Z = Dm 1 /(Dm 1 + Dm 2 ) and g = Q 1 /(Q 1 + Q 2 ). Schmid et al. 24 used these relationships to analyze the consecutive endothermic evaporation and subsequent exothermic vapor decomposition of isopropylammonium nitrate using TG and DSC measurements by combining eqn (3) and (4): 24
The proportionality P can be a function of T when the reaction is monitored under linearly increasing temperature conditions. If the overlap of the two reaction steps is limited, the contribution of the second reaction step can be ignored at the initial stage of the overall reaction, i.e., (da 2 /dt) = 0. Thus, the P(T) value corresponds to the ratio of g and Z, i.e., P(T) = g/Z. Similarly, the contribution of the first reaction step is ignored at the final stage of the overall reaction, i.e., (da 1 /dt) = 0, and thus P(T) = (1 -g)/(1 -Z). By knowing P(T) values at the initial and final stages of the overall reaction, the values of Z and g may be determined. Then, the normalized reaction rate of each component process at different temperature can be calculated by:
The series of (da 1 /dt, T) and (da 2 /dt, T) data calculated using eqn (6) and (7) can be used as the kinetic data for the first and second reaction steps.
Experimental
Fairly uniformly dispersed spherical ammonium dinitramide (ADN; 499.5% purity) particles were used without further purification. The scanning electron microscopy images and the particle size distribution of the material are shown in Fig. S1 and S2 in the ESI. † The ADN sample was loaded into sealed aluminum pans (5.5 mm in diameter) with pierced lids. Due to the energetic nature of the compound, a small sample mass, i.e., 1.1 AE 0.1 mg, was used for the measurements to avoid the selfheating effect, 38 although this results in a noisy DTG signal. Simultaneous TG-DSC measurements for the thermal decomposition of ADN were performed at b values of 1, 2, 5, and 10 K min À1 under an argon flow of 70 cm 3 min À1 using a Netzsch STA 449 F3 instrument. It is acknowledged that temperature and enthalpy change have been calibrated using melting of pure metals (499.99%, In, Sn, Pb, and Zn). The mass change value in TG was calibrated using automatic calibration mode of the balance system at room temperature and the reproducibility at higher temperatures was confirmed by the measurement of the thermal dehydration and decomposition of calcium oxalate monohydrate as recommended elsewhere. All the TG-DSC measurements for calibrating the instruments were performed under the same measurement conditions for the sample. The measurements were repeated for each value of b at least two times to confirm the repeatability of the TG-DSC analysis and the systematic changes in the TG-DSC curves with b. Kinetic calculations for the experimental TG-DSC curves were performed using THINKS program developed by ourselves, which is available online with all the kinetic data used for the calculation. 39 The subsequent thermal decomposition of the molten ADN occurs at a higher temperature as a partially overlapping two-step mass-loss process, as is clearly seen from the DTG curve. The entire sample is converted to product gases by the overall reaction, as indicated by the approximately 100% mass loss in the TG curves (experimental error o3%). The TG-DSC curves systematically shift to higher temperatures with increasing b (Fig. S3 in the ESI †). It must be noted that the two mass-loss steps indicate exothermic and endothermic effects, respectively, as seen from the DSC curves. The total thermal effect, i.e., the sum of the exothermic and the endothermic effects, is calculated to be 1690 AE 140 J (g ADN) À1 . The first step of the overall thermal decomposition of ADN involves many consecutive, concurrent, and competitive processes, which produce a certain amount of AN. The second mass-loss step, which is endothermic, is considered to be the evaporation/ decomposition of AN. 31 Examining the two distinguishable peaks in the DTG curve and the exothermic and endothermic peaks in the DSC curve ( Fig. 1 ), the overlap of the two reaction steps is not so significant in the initial and final parts of the TG-DSC curves; thus, the kinetic information for the first and second reaction steps are reflected in the respective parts. This expectation was roughly examined by applying a differential isoconversional method, i.e. the Friedman method, 40 to the series of TG curves at different b values. Fig. 3 shows E a values calculated from ln(da/dt) versus T À1 plots at different a. Similar decreasing E a variation behavior as the reaction advances has been reported for the thermal decomposition of ADN elsewhere. 26 The present results indicate different constant E a values in the initial and final parts of the overall massloss process (ca. 190 kJ mol À1 for a o 0.2 and ca. 75 kJ mol À1 for a 4 0.8). Because both a linear relationship between ln(da/dt) and T À1 at constant a and a constant E a at different a are observed when the isoconversional method is applied to a single step reaction, 2 the initial and final parts of the overall thermal decomposition of ADN, which indicates respective constant E a values, are approximately satisfied by the conditions for a single step reaction. This observation indicates that the influence of the other component reaction step can be neglected for the initial and final parts of the overall mass-loss process; hence, the initial and final parts of the overall kinetic data correspond approximately to the first and second reaction steps, respectively. For the overlapping features of the thermal decomposition of ADN, it is found that separation of the component steps using combined analysis of the DTG and DSC data, i.e., eqn (5)- (7) , is one of the most rigorous methods for characterizing the kinetics of the multistep reaction. Fig. 4 illustrates the changes in P value calculated according to eqn (5) with T. The values of P at the beginning and the end of the process are calculated to be 1.8 and À1.2, respectively, which allows us to estimate the contributions of the first reaction step to mass loss and thermal effect as Z E 0.7 and g E 1.3, respectively.
Results and discussion

Deconvolution of exothermic and endothermic reaction steps
Applying the results of P value analysis shown in Fig. 4 to eqn (6) and (7), the overall kinetic data can be deconvoluted into two reaction steps characterized as the exothermic and endothermic processes, respectively. Fig. 5 shows the kinetic data at different b separated by the combined analysis of kinetic data derived from DTG and DSC curves. The separated kinetic data indicate the different apparent shapes of the reaction steps, and that they shift systematically to higher temperature with increasing b. Note that the second reaction step becomes apparent at a higher temperature than the melting point of AN (443 K) and the reaction rate increases as the reaction proceeds and the sample temperature increases. The shape of the kinetic data for the second reaction step is similar to those reported for the thermal decomposition of AN. 41 As stated before, the deconvolution of the kinetic data by the combined use of DTG and DSC is applicable to partially overlapping two-step processes when the initial and final parts of the overall reaction are attributed to the first and second reaction steps, respectively. This procedure also assumes that the DTG and DSC data reflect the same component reactions and their sequence. If the conditions are fulfilled, the partially overlapping two-step reactions can be deconvoluted using simultaneously measured DTG and DSC data without any assumption of the possible interactions between the component reaction steps. It must be noted that, whether there is interaction between the reaction steps or not, the separated kinetic curves indicate the net kinetic behaviors of each reaction step at a particular value of b.
Kinetic analysis of the separated reaction steps
It is expected that, for the separated kinetic data shown in Fig. 5 , the kinetic analysis based on the single-step assumption is more applicable than for the original kinetic data before deconvolution. Fig. 6 shows E a,i values for each reaction step i determined at different a i from the slopes of the Friedman plots (eqn (8)). The E a,1 values for the first reaction step present a small initial peak (0 o a 1 r 0.3) and stabilize between 175-160 kJ mol À1 in the main reaction stage (0.3 r a 1 r 0.7) with an average E a,1 of 166.6 AE 3.4 kJ mol À1 , followed by a gradual decrease in the latter reaction stage (a 1 4 0.7). For the second reaction step, a larger standard deviation of E a,2 is observed irrespective of a 2 in comparison with that of E a,1 in the first reaction step, resulting from the larger noise in the derivative kinetic data because of the smaller contribution of the second reaction step to the overall process. The E a,2 values are approximately constant in a wide a 2 region (0 o a 2 r 0.85) with a small peak in the early stage of the reaction step (a 2 r 0.3) and systematically decrease in the final stage of the reaction step (a 2 Z 0.85). The variations of E a,i in the final part of the first reaction step and the initial part of the second reaction step probably indicate the region where the other reaction step contributes significantly. Considering the complex reaction schemes of the first reaction step, which comprises different chemical processes as illustrated in Fig. 1 , the E a,1 variation with a small peak in the early reaction stage and with the slightly decreasing trend observed in the main reaction stage (0.3 r a 1 r 0.7) may be interpreted as resulting from the concurrent and/or consecutive reaction processes taking place simultaneously, which may be further complicated by possible interactions. Because the second reaction step (the endothermic process) is considered as the thermally induced evaporation/ decomposition of AN, the influence of the reaction setup, which employed sealed aluminum cells with pin holes should also be considered in the interpretation of the systematic decrease in E a,2 in the final stage of the reaction step. Under such measurement conditions, the experimental mass-loss data is significantly influenced by the diffusional removal of product gases from the sample cell, especially in the final stage of the reaction step. Although the above isoconversional analysis (i.e., the Friedman method) for the separated kinetic data indicates the necessity of further detailed kinetic analysis, especially for the first reaction step, the kinetic modeling of the overall reaction process by separation into exothermic and endothermic reaction steps has significance for examining the energy yield of the overall reaction. Therefore, based on the approximately constant E a,i in the main reaction stages of each reaction step, kinetic modeling as a twostep exothermic-endothermic reaction was further examined. To confirm the validity of the single step approximation for each separated reaction step and those at different b, the combined kinetic analysis (CKA) of Perez-Maqueda et al. 42 was applied using the Šesták-Berggren model with two kinetic exponents, [43] [44] [45] f (a) = ca m (1 -a) n , as the empirical kinetic model function: Fig. 7 shows the best linear correlation of ln[(da i /dt)/a m(i) i (1 -a i ) n(i) ] versus T À1 for each reaction step including all the kinetic data recorded at different b, determined through simultaneously optimizing the values of m i , n i , c i A i , and E a,i . The optimized kinetic parameters are listed in Table 1 . The ln[(da i /dt)/a m(i) i (1 -a i ) n(i) ] versus T À1 plots present acceptable linearity among the data points at different b, especially for the first reaction step (the correlation coefficients are indicated in Fig. 7) . For the first reaction step, the E a,1 value (165.3 AE 1.9 kJ mol À1 ) evaluated by CKA corresponds closely to the average E a,1 (166.6 AE 3.4 kJ mol À1 ) over the main reaction stage (0.3 r a 1 r 0.7) determined by the Friedman method. The value of E a,2 (91.2 AE 3.5 kJ mol À1 ) determined by CKA is slightly higher than the average E a,2 (84.8 AE 0.5 kJ mol À1 ) over the main reaction stage of the second reaction step (0.3 r a 2 r 0.7) in Fig. 6 . The deviation likely results from the larger noise in the kinetic data for the second reaction step that manifests both in the larger standard deviation of the E a,2 value determined using the Friedman method and of the linear correlation in CKA. 
Optimization of kinetic parameters
The overall kinetic data derived from DTG and DSC can be reproduced by the weighted sum of the separated kinetic curves of the first and second reaction steps with respective contributions expressed using Z or g.
In eqn (10) and (11), a total of ten kinetic parameters (Z, g, c 1 A 1 , E a,1 , c 2 A 2 , E a,2 , m 1 , n 1 , m 2 , and n 2 ) for describing the kinetic rate behavior of the reaction are included, which have been determined previously through P value analysis and CKA ( Table 1) . The values of Z and g have been determined by P value analysis with reference to only the initial and final parts of the TG-DSC curves, and the other kinetic parameters were determined for the kinetic data separated using thus determined Z and g values. Therefore, it is preferable to refine all the kinetic parameters including the Z and g values. Nonlinear least squares analysis for fitting the overall kinetic data derived from DTG and DSC by eqn (10) and (11) with variation of the kinetic parameters is one possible procedure for optimizing the kinetic parameters, as is used for kinetic deconvolution analysis (KDA). 14, 37 Optimization was conducted using the Levenberg-Marquardt nonlinear least-squares algorithm. 46 In the present case, the optimization procedure is more reliable than the previously reported KDA for the multistep processes, because the overall kinetic data derived from DTG and DSC are treated simultaneously; thus, it is termed ''combined KDA''. During the optimization runs, which were performed after setting the initial parameters determined by P value analysis and CKA, deviations of the calculated curves from the experimental kinetic curves are observed for the final stage of the reaction, probably due to the rate of second reaction step increasing towards the end of the reaction, as seen in Fig. 5 . To avoid this deviation and to obtain better fitting in the final stage of the reaction, m 2 was fixed to 0.25, as determined by CKA. Fig. 8 shows the results of this combined KDA as the fits of the calculated curves to the experimental kinetic curves derived from TG and DSC. Irrespective of b, nearly perfect fits to the experimental TG and DSC kinetic curves are obtained by eqn (10) and (11) with the optimized kinetic parameters listed in Table 1 . In comparison with the initial kinetic parameters (1 -a i ) n(i) ] versus T À1 plots for each reaction step including all the kinetic data recorded at different b, determined through simultaneously optimizing the values of m i , n i , c i A i , and E a,i . (12) and (13) determined by P value analysis and CKA, the kinetic parameters optimized through KDA are slightly larger. The refinement of Z and g values through KDA is crucial for evaluating the separated exothermic and endothermic features of the reaction. Note that the increase in E a,i through optimization by KDA is also accompanied by a parallel increase in A i values. Accordingly, the rate constant at a certain temperature calculated using the Arrhenius parameters before and after optimization does not significantly change within the practical reaction temperature region. This phenomenon is known as the apparent kinetic compensation effect (KCE). [47] [48] [49] [50] [51] [52] The experimental master plots of f i (a i )/f i (0.5) versus a i for each reaction step were drawn using f i (a i ) determined by KDA (eqn (10) and (11)) 53,54 and compared with several selected theoretical kinetic models, as shown in Fig. 9 . The experimental master plot of the first reaction step is positioned in the middle of the empirical second-order reaction (F2) and third-order reaction (F3) models, f (a) = (1 -a) n with n = 2 and n = 3, respectively. As expected from the reaction scheme of the first step ( Fig. 1 ) and the variation in E a,1 observed by the analysis using the Friedman method ( Fig. 6 ), further detailed kinetic analysis considering a possible multistep process is necessary for understanding the physico-chemical mechanism of this step. The experimental master plot characterized by intermediate behavior between the F2 and F3 models should be interpreted as the apparent rate behavior when assuming the single-step reaction with a constant E a value. Conversely, when the kinetic behavior of the overall thermal decomposition of ADN is interpreted by separation into exothermic and endothermic reaction steps, the apparent rate behavior between F2 and F3 has a practical meaning in conjunction with the apparent E a,1 value determined by KDA (eqn (10) and (11) ).
The experimental master plot of the second reaction step presents a trapezoidal shape and does not fit to any simple theoretical kinetic model. However, the main part of the second reaction step closely corresponds to the zero-order reaction model (F0), f (a) = 1, where the a 2 region corresponds to the constant E a,2 (84.8 AE 0.5 kJ mol À1 ) region determined by the Friedman method (Fig. 6) . The zero-order reaction model for the mass-loss behavior of the molten salts can be interpreted as the evaporation/decomposition at the top surface of the reacting liquid with a constant top surface area during the course of the reaction, as has been illustrated for the thermally induced mass-loss process of molten AN. 41, 55 When this evaporation is the predominant process of the mass-loss phenomena, the kinetic equation can be replaced by a thermodynamic equation based on Langmuir and Clausius-Clapeyron equations that has the functional form similar to that of the Arrhenius-type kinetic equation [55] [56] [57] [58] [59] [60] (Section S3, ESI †). However, the ideal situation is not easily observed in the experimentally resolved kinetic curves recorded using thermoanalytical methods, because the changes in the top surface are of the molten salt as the reaction advances. The idealization is further difficult for the second reaction step in the thermal decomposition of ADN. The changes in the concentration of AN in the reacting liquid, the surface area of the reacting liquid, and the transfer phenomena of the evolved gases as the second reaction step advances should be considered when describing the deviation of the experimental master plot from the theoretical F0 model. The deviation in the initial part of the second reaction step is related to the amount of AN formed and rate of its formation during the first reaction step, and it reflects the possible kinetic interaction with this first reaction step. At the same time, because the initial part of the second reaction step overlaps with the maximum rate region of the first reaction step, the transfer phenomena of the gases evolved by the second reaction step is significantly influenced by the gases released (mass transfer phenomena) and exothermic thermal effect (heat transfer phenomena) in the first reaction step. In the final stage of the second reaction step, the reacting liquid may not be uniformly spread on the bottom of the sample cell, and the surface area of the reacting liquid may not be constant. Accordingly, the rate behavior, especially in the a 2 region that closely corresponds to the zero-order reaction, is expected to change significantly depending on sampling and TG-DSC measurement conditions. The empirical kinetic model, f 2 (a 2 ) = a 0.25 (1 -a) 0.32 , determined by the combined KDA for the second reaction step reflects both the chemical nature of the second reaction step and the experimental variability of the kinetic data. Thus, the F0 model may be adopted as an idealized model for describing the endothermic reaction step in the overall thermal decomposition of ADN.
Simplified kinetic modeling with fixed reaction types
Considering the aforementioned kinetic behavior, a simplified kinetic modeling with fixed reaction types may have practical utility for evaluating the changes in reaction pathway and the kinetics of the component reaction steps by investigating the apparent changes in the Arrhenius parameters. From the comparison of the experimental master plots with theoretical kinetic models ( Fig. 9 ), the two partially overlapping reaction Fig. 9 Comparison of the experimental master plots of f i (a i )/f i (0.5) versus a i of each reaction step i with the theoretical kinetic models A2, F0, F1, F2, and F3. steps regulated by the F2.5 and F0 models were selected as candidates for the simplified kinetic modeling. Then, eqn (10) and (11) were simplified and the number of kinetic parameters to be optimized was reduced to six parameters (Z, g, A 1 , E a,1 , A 2 , E a,2 ).
The results of KDA based on eqn (12) and (13) are shown in Fig. S4 (ESI †) as the best fits to the experimental TG and DSC kinetic curves. The optimized kinetic parameters are listed in Table 1 . The fits by eqn (12) and (13) are acceptable but inferior to those by eqn (10) and (11) . The optimized Z and g values did not change significantly, but the Arrhenius parameters (A 1 , E a,1 , A 2 , and E a,2 ) all increase slightly from the respective values optimized based on eqn (10) and (11) . The distinguishable changes in the Arrhenius parameters may be caused by the deviation of the actual rate behavior from the assumed kinetic model as a simple mathematical consequence. 61-64
Significance of the kinetic results
The important result of the present kinetic approach of separating the exothermic and endothermic reaction steps of the thermal decomposition of ADN is that the net thermal effects of each reaction step, Q 1 and Q 2 , and the relationship of these net thermal effects to the gross thermal effect, Q S , of the overall reaction process can be estimated using the kinetic parameters optimized by KDA. Fig. 10 shows the kinetic curves separated into exothermic and endothermic reaction steps for DSC and the first and second mass-loss steps for DTG using the optimized kinetic parameters via KDA (eqn (10) and (11)), in which the positions of each net thermal effect on the temperature coordinate and the overlapping features are clearly seen, as well as the magnitude relations (Fig. 10a ). In this study, the total thermal effect for the overall thermal decomposition of ADN was determined from DSC curves at different b with the averaged value of Q S = 1690 AE 140 J (g ADN) À1 , which agrees with previously reported values. 31, 33 Using the contribution g of Q 1 to Q S , the net thermal effect of the respective reaction steps can be estimated as follows:
The gross thermal effect of the thermal decomposition of ADN has been reported to be almost independent of pressure up to 5 MPa, 31, 33 but increases as pressure rises further. 31 The Q 1 value obtained in this study corresponds to the reported Q S value at around 6-10 MPa, as illustrated in Fig. 11 . It is expected that the increase in Q S with environmental pressure is related to changes in the formation ratio of AN during the course of the overall reaction and the shift of AN evaporation/decomposition to higher temperatures. For this connection, the present KDA results provide direct information concerning the formation ratio of AN as the contribution of the second mass-loss step to the overall mass loss, (1 -Z), as determined to be 0.21 in this study (Fig. 10b ). If we assume that the vaporization of AN is a dominant reaction during the second reaction step, approximately 0.33 mol AN is to be produced from 1 mol ADN under the present sample and reaction conditions. Thus, the net endothermic effect determined for the second reaction step, Q 2 = À690 AE 60 J (g ADN) À1 , is recalculated as À267 AE 23 kJ (mol AN) À1 , which is much larger than that reported as the gross thermal effect during the dissociative evaporation of pure AN, À198 AE 16 kJ (mol AN) À1 . 41 A quantitative comparison of the reaction heats for the second reaction step of ADN decomposition and the dissociative evaporation of pure AN is difficult because of the more complex reaction scheme of the former. As can be seen in Fig. 10a , the entire endothermic process is overlapping with the exothermic process, and the gross endothermic effect observed by experimental DSC is much smaller than the net endothermic effect calculated through kinetic analysis. The larger value of the net endothermic effect is explained by this relationship, and indicates that the second mass-loss step of the thermal decomposition of ADN probably includes reaction components with exothermic effect. In addition to the information on the reaction stoichiometry of the overall reaction revealed by the values of Z and g, the relationship between mass loss and thermal effect in each reaction step and the overlap of the two reaction steps are characterized by the kinetic parameters, involving the Arrhenius parameters and model function, evaluated for each reaction step. An opportunity for further detailed kinetic interpretation of the exothermic and endothermic reaction steps is also gained by deconvolution analysis, although more detailed experimental and theoretical approaches for examining the possible kinetic interaction between the two reaction steps are required. However, rigorous kinetic modeling for a reaction process as complex that shown in Fig. 1 is extremely difficult, and an empirical kinetic modeling for describing the apparent feature of the rate behavior is unavoidable when the TG-DSC curves are considered as the kinetic data. In addition to the chemical scheme of the reaction, the formation of gaseous products in a viscous liquid and removal of those gases from the reaction system accompanied by the decrease in the reactant liquid volume significantly influence the experimentally resolved shape and position of the thermoanalytical curves, as is sometimes observed for the thermal degradation of polymeric materials. 65, 66 Even allowing for the empirical kinetic modeling for the overall rate behavior, the first reaction step involves at least three distinguishable a 1 regions with different E a,1 values, and these involve changing behaviors as evaluated from the isoconversional method ( Fig. 6) . In CKA and KDA that forces a constant E a,1 for the course of the reaction, such variations in E a,1 observed by the isoconversional method are accommodated in the empirical kinetic model function a m(1)
1
(1 -a 1 ) n (1) . When the F2.5 model is assumed, both the E a,1 and A 1 values increase. These changes are interpreted as being caused by the deviation of the actual rate behavior from F2.5. [61] [62] [63] [64] Largely dispersed sets of (E a , A) values for the overall thermal decomposition of ADN have been reported in the literature. The variation of the (E a , A) data is due to different factors, such as sample properties, reaction conditions, measurement conditions, calculation methods, and assumed kinetic models. However, an empirical linear correlation between E a and ln A among those (E a , A) data sets is evident, as shown in Fig. 12 . The (E a,1 , A 1 ) for the first reaction step determined by CKA and KDA lies on the linear regression line. The variation of (E a,1 , A 1 ) caused by the introduction of the simplified F2.5 model for the first reaction step in KDA also occurs along the regression line. Besides such apparent KCE, the kinetic treatment of all the previous studies included in Fig. 12 was on the basis of simplified kinetic modeling that attempted to describe the multistep chemical process by a phenomenological single-step reaction characterized by a set of (E a , A, f (a)). As is seen in Fig. 7 and 9 , the (E a,1 , A 1 , f 1 (a 1 )) determined in this study reproduces the kinetic rate behavior of the first reaction step at an acceptable level depending on the appropriateness of f 1 (a 1 ) employed to calculate (E a,1 , A 1 ), but has a similar empirical meaning in this respect. When comparing the kinetic rate behavior of the first reaction step under different reaction conditions, the deviation of the actual rate behavior from F2.5 may change depending on the reaction conditions. Then the change in the deviation is reflected by the changes in (E a,1 , A 1 ). Therefore, it must be noted that a single E a,1 value does not predict the thermal stability and reactivity of the studied material, and the results can have practical significance when considered as a kinetic triplet (E a,1 , A 1 , f 1 (a 1 )).
Although the rate behavior of the second reaction step, i.e., evaporation/decomposition of AN, deviates slightly from the ideal zero-order model owing to the possible interaction with the first reaction step and the physico-geometrical factors related to the reacting system, the E a,2 value determined in this study is close to the reported values for the thermally induced evaporation/decomposition of pure AN, i.e., 83-89 kJ mol À1 , 55 92 kJ mol À1 , 41 90-98 kJ mol À1 . 58 It was shown by Vyazovkin 41 that the kinetic parameters for the thermal decomposition of pure AN reported by different authors indicated an apparent KCE. The (E a,2 , A 2 ) values determined in this study (Table 1 ) also lie on the linear regression line of the KCE (Fig. S5, ESI †) . As in the case of the first reaction step, variation of (E a,2 , A 2 ) caused by the introduction of simplified kinetic model F0 occurs along the linear regression line of the KCE. Because the experimentally resolved rate behavior of the second reaction step may change with sample and measurement conditions, possible variation of (E a,2 , A 2 ) caused by the change in the deviation of F0 from the actual rate behavior should be considered when interpreting the apparent kinetic parameters. It has also been suggested that one of the possible causes for the apparent KCE is the apparent sample mass effect for the zero-order reaction, which results from the mathematical relationship concerning the definition of a. 55 Fig. 12 Linear correlation among the literature values for (E a , lnA) reported for the overall thermal decomposition of ADN [26] [27] [28] 35, [67] [68] [69] [70] and the correspondence of (E a,1 , ln A 1 ) values determined in this study for the first reaction step to the linear regression line.
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Open Access Article. Therefore, if a change in the formation ratio of AN during the reaction occurs owing to the effect of sample and measurement conditions, an apparent change in (E a,2 , A 2 ) is also expected. Physico-chemical insight into the kinetic behavior of the thermal decomposition of ADN and other energetic materials is the final purpose of kinetic analysis of the reactions. However, considering the heterogeneous nature of the reactions, i.e., gaseous formation in a viscous liquid, and the macroscopic nature of the experimentally resolved kinetic data recorded using thermal analysis, the direct physico-chemical approach to the kinetic data on the basis of complex reaction schemes is not always possible. The present kinetic analysis based on separation of the overall reaction into exothermic and endothermic reaction steps is a phenomenological approach to the kinetic behavior of the reaction, but provides important insights into the reaction, including the contributions of the two reaction steps to the overall process and the relative kinetic features of those reaction steps. In addition, the kinetic analysis of the separated rate data provides the opportunity to find further detailed kinetic features of the overall reaction. We believe that such phenomenological kinetic characterization as has been developed in the field of thermal analysis 1,2 does not contradict physico-chemical kinetic understanding, but is a necessary step before challenging the physico-chemical kinetic characterization of complex and heterogeneous reaction processes.
Conclusion
Superimposed exothermic and endothermic reaction steps in a multistep process are a specific type of complex heterogeneous reaction in view of thermodynamics and kinetics. Thermal decomposition of molten ADN is an example, comprising the exothermic thermolysis of ADN and the endothermic evaporation/ decomposition of in situ generated AN. When the overlap of the exothermic and endothermic reaction steps was limited, and the initial and final parts of the overall reaction solely reflected the initial exothermic reaction step and subsequent endothermic reaction step, respectively, the overall reaction process could be separated into the net exothermic reaction step and endothermic process by P value analysis using simultaneously recorded TG-DSC curves without any assumption of the interaction of those two reaction steps. By P value analysis, the contributions of each reaction step to the overall thermal effect and mass loss can be estimated, and kinetic curves separated into the exothermic and endothermic reaction steps can be obtained. The separated kinetic curves are analyzed kinetically by assuming single-step reactions using available kinetic computation techniques including isoconversional methods, CKA, and the master plot method. The kinetic data for the overall reaction process can be reproduced by the sum of the kinetic equations for the exothermic and endothermic reaction steps weighted by their contributions. The contributions and kinetic parameters can be further optimized by KDA.
For the thermal decomposition of molten ADN, the contributions of the exothermic and endothermic reaction steps in the TG and DSC kinetic data, (Z, 1 À Z) and (g, 1 À g), were evaluated to be (0.79, 0.21) and (1.41, À0.41), respectively. The kinetic parameters of the first (exothermic) and second (endothermic) reaction steps (E a,i kJ mol À1 , A i s À1 , f i (a i )) were determined to be (181.7, 43.3, SB(0.01, 2.57)) and (91.8, 16.9, SB(0.25, 0.32)), respectively. The results of phenomenological kinetic modeling of the overall reaction process of the thermal decomposition of molten ADN as partially overlapping exothermic and endothermic reaction steps revealed the net exothermic and endothermic effects to be Q 1 = 2380 AE 200 and Q 2 = À690 AE 60 J (g ADN) À1 with reference to the gross thermal effect Q S = 1690 AE 140 J (g ADN) À1 , as well as the relative positions of exothermic and endothermic effects along the temperature coordinate. In addition, a simplified kinetic model with fixed reaction types for the first and second reaction steps can be derived for practical use. Conversely, the kinetic data separated into two reaction steps can be the source for further detailed kinetic analysis of each reaction step.
On the basis of theoretical construction of kinetic analysis procedure and its application to the thermal decomposition of ADN, it is concluded that the present procedure for phenomenological kinetic modeling of a multistep process composed of exothermic and endothermic reaction steps is useful for evaluating the variation of the reaction process of the thermal decomposition of molten ADN with sample and reaction conditions, and is also applicable to similar types of complex reactions found in various fields of material sciences.
